Abstract： ： ： ：In order to improve that quality of sample and decrease the stress during process, it is of great importance to study the residual stress distribution during direct laser metal deposition (LMDS) process. In this paper, according to the "element life and death" technique of finite element method ,with APDL, we simulated the effects of long edge reciprocating scanning method, short edge reciprocating scanning method and direction orthogonal changing in different layers reciprocating scanning method to residual stress distribution during whole LMDS process are studied. The residual stress distribution under different scanning methods is researched in detail. Using the same process parameters, the simulation result show good agreement with the features of sample which fabricated by LMDS.
Introduction
Laser metal deposition shaping (LMDS) technique has been widely used in many industrial applications such as aerospace， automobile， weapons and so on [1, 2] . LMDS accumulates metal powder materials according to two-dimensional profile information one layer off another, and finally the three-dimensional solid parts are formed in substrate, with the laser cladding method. And it's a fusion and solidification process essentially, which involves complicated interactions between the laser beam, metal powders, the base material (substrate), and processing gases. Typical physical phenomena in laser cladding include laser-powder interactions, heat transfer, fusion, and solidification. There are approximately variables which strongly influence the characteristics of the clad part. These variables include actual laser power, spatial distribution (model) of the laser beam, powder delivery gas flow, powder feed rate, material parameters, powder parameters, powder carry method, height increment per layer, percentage overlap between tracks, and tool-path patterns. Some of these processing parameters are strongly coupled with each other. These processing parameters are necessary to obtain the desired dimensional accuracy and material integrity of laser clad parts. Process optimization requires both theoretical and experimental understanding of the associated physical phenomena.
In the past decades, many analytical and numerical LMDS models have been developed by researchers, revealing the temperature gradient ([3] - [9] ), as human people difficult to measure many of the physical phenomena, directly. Recently, three-dimensional laser forming simulations have been conducted using commercial FEA software or manual programming． Long et al [7] developed a three-dimensional dynamics stress field under different scanning method during multi-track & multi-layer laser metal deposition shaping(LMDS) process with ANSYS parametric design language (APDL).In their work, a multi-track & multi-layer part was deposited on a substrate，and the temperatures of those nodes in molten pool were set as the melting point at each incremental step. Tabernero et al [9] Evaluation of the mechanical properties of Inconel 718 components built by laser cladding. In this paper, according to the "element life and death" technique of finite element method, with APDL, we simulated the effects of long edge reciprocating scanning method, short edge reciprocating scanning method and direction orthogonal changing in different layers reciprocating scanning method to residual stress distribution during whole LMDS process. The residual stress distribution under different scanning methods are studied in detail. With the same process parameters, the samples fabricated by LMDS show good agreement with the simulation results.
Model of finite element method
As shown in Fig.1 based on "birth and dead element" technique ,we built the model of finite element method of LMDS with APDL(ANSYS Parametric Design Language). The overall computational domain size is 20mm*10mm*4mm in X, Y and Z. The size of grid is 1mm*1mm*1mm, and the element is SOLID5. The metal material of both the clad and substrate are TC4 (Ti-6Al-4V). The chemical compositions are listed in Table 1 , and its partial thermo-physical parameters are listed in Table 2 . The scanning method is short edge parallel reciprocating scanning method (as shown in Fig. 2 
Simulation results and analysis of the Residual stress distribution
In this model, we set the processing parameters as follows: the laser power is 2000W, the radius of the beam is 1mm, the scanning velocity is 5mm/s, the scan pitch is 1mm, the environmental and substrate preheating temperature both are 20°C. The whole process lasts for 360 seconds. In Fig.3 shown that the thermal stress field distribution at 360s during the direct laser metal powder deposition under different scanning methods. We can discover that the thermal stress distribution at 360s under direction orthogonal changing in different layers scanning method is smaller than that under short or long edge reciprocating scanning method. So direction orthogonal changing scanning method is able to decrease the thermal stress during process. In Fig.4 shown that the X-ray residual stress distribution on each layers under different scanning method. We can discover that the value and change amplitude of residual stress of nodes on each layer under direction orthogonal changing in different layers scanning method are smaller than that under short or long edge reciprocating scanning method. The value that the stress on each layers under long edge reciprocating scanning and short edge reciprocating scanning getting approaches with ascending of layer's number. We can see the residual stress were strong in ends of the sample. Because of The laser scanning from left side of second layer to start, as the scan in the right side of first layer had just finished, the temperature gradient changed gently. Distribution of residual stress under different scanning method in middle of each layers of piece is small. So direction orthogonal changing in different layers scanning method is able to decrease the residual stress of samples. Again, we can explain about Y-ray residual stress distribution on each layer under different scanning method (in Fig.5 shown) . In Fig.6 shown that the residual stress distribution on Z-ray of the center of samples under different scanning methods. We discover that the change amplitude of the residual stress under short edge reciprocating scanning method is smaller, but the value of the residual stress is large. Both of the value and change amplitude of residual stress under long edge reciprocating scanning method are large. With direction orthogonal changing method, the residual stress concentrate on the top and bottom of the sample. because of direction orthogonal changing in different layers scanning method is able to decrease the residual stress of samples. Fig.6 Fig.7 Fig.6 The residual stress distribution on Z-ray of the center of samples under different scanning methods Fig.7 The schematic of residual stress testing
Comparisons to experimental results
For detected the residual stress distribution in the sample, for compare with the numerical results, we used the same processing parameters. We measure the residual stress with blind-hole method [10] . The experimental procedure is that: (1) For the strain slice connected tightly with sample, we should be pre-processing the sample before pasting strain slice on the sample. (2) We pasting strain slice as in Fig.7 shown. (3) To avoid the effects of drilling thermal, we measure the strain with average method. We should that read the strain values and average them every 5 minutes, after drilled at least 40 minutes. We obtained the fixed-point measuring result of residual stress variations at the ends and middle points on the top of the sample as in Fig.8 and Fig.9 shown. In Fig.8 shown that The residual stress distribution under different scanning methods on X-ray of surface of samples. we can see under long edge reciprocating scanning method and short edge reciprocating scanning method ( In Fig 8(b) and (c) ), Both of the residual stress distribution in the top of sample are similar. The y σ σ σ σ change amplitude is small, both are tensile stress and change from 0 to max at the middle point, and getting smaller to 0, then getting to shrinkage stress and the value of the stress getting larger. We can explain about x σ σ σ σ in this way, but x-change amplitude just than more y σ σ σ σ larger. In Fig.8(a) shown, x is mainly shrinkage stress. At the middle point, it is minimum value, then it getting larger. but y σ σ σ σ was just contrary to x σ σ σ σ , mainly tensile stress, at the middle point ,it is minimum value. it is similar to the Fig.3(d) .We able to explain about Fig.9 . It similar to the Fig.4(d) .
Conclusions
(1) according to the "element life and death" technique of finite element method ,with APDL, we simulated the effects of long edge reciprocating scanning method, short edge reciprocating scanning method and direction orthogonal changing in different layers reciprocating scanning method to residual stress distribution during whole LMDS process are studied. The residual stress distribution under different scanning methods is researched in detail. (2) the thermal stress distribution at 360s under direction orthogonal changing in different layers scanning method is smaller than that under short or long edge reciprocating scanning method. So direction orthogonal changing scanning method is able to decrease the thermal stress during process. (3) The value and change amplitude of residual stress of nodes on each layer under direction orthogonal changing in different layers scanning method are smaller than that under short or long edge reciprocating scanning method. So direction orthogonal changing in different layers scanning method is able to decrease the residual stress of samples. (4) Using the same process parameters, the simulation result show good agreement with the features of sample which fabricated by LMDS.
Advanced Materials Research Vols. 503-504
